The complete mitochondrial DNA (mtDNA) control region was amplified and directly sequenced in two species of shrew, Crociduru russula and Sorex aruneus (Insectivora, Mammalia). The general organization is similar to that found in other mammals: a central conserved region surrounded by two more variable domains. However, we have found in shrews the simultaneous presence of arrays of tandem repeats in potential locations where repeats tend to occur separately in other mammalian species. These locations correspond to regions which are associated with a possible interruption of the replication processes, either at the end of the three-stranded D-loop structure or toward the end of the heavy-strand replication. In the left domain the repeated sequences (RI repeats) are 78 bp long, whereas in the right domain the repeats are 12 bp long in C. russulu and 14 bp long in S. uruneus (R2 repeats). Variation in the copy number of these repeated sequences results in mtDNA control region length differences. Southern blot analysis indicates that level of heteroplasmy (more than one mtDNA form within an individual) differs between species. A comparative study of the R2 repeats in 12 additional species representing three shrew subfamilies provides useful indications for the understanding of the origin and the evolution of these homologous tandemly repeated sequences. An asymmetry in the distribution of variants within the arrays, as well as the constant occurrence of shorter repeated sequences flanking only one side of the R2 arrays, could be related to asymmetry in the replication of each strand of the mtDNA molecule. The pattern of sequence and length variation within and between species, together with the capability of the arrays to form stable secondary structures, suggests that the dominant mechanism involved in the evolution of these arrays is unidirectional replication slippage.
Introduction
The control region is the only major noncoding segment of animal mitochondrial (mt) DNA. In mammals, this region can be divided into three domains (fig. 1): (1) the left domain adjacent to the Pro-tRNA gene, containing the termination-associated sequences or TAS, where synthesis of the heavy (H)-strand of the threestranded displacement (D)-loop pauses;
(2) the central conserved region, a G-C-rich sequence that has been implicated in the regulation of H-strand replication and the formation of the D-loop; (3) the right domain adjacent to the Phe-tRNA gene, which contains the site of initiation for H-strand replication (On), the promoters for H-and light (L)-strand transcription, and the conserved sequence blocks or CSBs, which have been associated with the initiation of H-strand replication (Doda, Wright, and Clayton 1981; Walberg and Clayton 198 1; Clayton 1982 Clayton , 1991 Chang, Hauswirth, and Clayton 1985; Brown et al. 1986; Saccone, Pesole, and Sbisa 1991) . The circular mtDNA molecule contains two origins of replication: the H-strand origin (On) is located in the portion of the right domain that flanks the central conserved region; the L-strand origin (0,) is located away from the control region, between the COI and the ND2 genes, within a cluster of five tRNA genes; initiation of L-strand replication only occurs after a newly synthesized H-strand has been extended beyond the Lstrand origin, suggesting that in this system the H-strand origin is dominant (Clayton 1982 (Clayton , 1991 .
Despite their functional importance, the two peripheral domains have evolved rapidly, generating heterogeneity in both length and base composition (Saccone, Pesole, and Sbisa 1991) . Extensive size variation of the mtDNA control region, attributable to variation in number of tandem repeats, has been reported for many animals, including both invertebrate (e.g., Powers, Platzer, and Hyman 1986; Solignac, Monnerot, and Mounolou 1986; Beck and Hyman 1988; Boyce, Zwick, and Aquadro 1989; Rand and Harrison 1989 ) and vertebrate species (table 1). In the latter, these repetitive sequences occur in only two known potential locations: the first one corresponds to the region associated with the stop site for the three-stranded D-loop structure; the second one is located upstream from the recognition site for the end of H-strand replication (Rl and R2 in fig. 1 and table 1, respectively).
Several molecular mechanisms have been proposed to account for variation in copy number of tandemly repeated sequences and subsequent generation of mt-DNA length variants, including recombination and transposition (Rand and Harrison 1989) , and unequal crossing-over or gene conversion (Hoelzel, Hancock, . l. -Schematic diagram of the organization of the mitochondrial DNA control region in mammals. The conserved sequence blocks or CSBs, and the left, central, and right domains were specified according to Walberg and Clayton (1981) , Southern, Southern, and Dizon (1988) , and Saccone, Pesole, and Sbisa 1991 . Tbe H-strand replication origin (On) and the potential locations of tandemly repeated sequences (Rl and R2) are also shown. Arrows identify the locations of primers for PCR amplification and sequencing. Note that the CSB3 sequence is not always present (Saccone, Pesole, and Sbisa 1991) . The three-stranded D-loop structure extends from the 0, to a point downstream from the termination associated sequences or TAS (Doda, Wright, and Clayton 1981) contained in the left domain. and Dover 1993). However, no direct evidence for repeated sequences undergo addition and deletion events combination has yet been found in animal mitochondria is strand slippage and mispairing during replication (Moritz, Dowling, and Brown 1987; Birky 1991) . The (e.g., Levinson and Gutman 1987; Buroker et al. 1990 ; currently favored proposed mechanism by which re-Hayasaka, Ishida, and Horai 199 1; Wilkinson and Chap- Brown 1988 Buroker et al. 1990 Brown, Beckenbath, and Smith 1992 Johansen, Guddal, and Johansen 1990; Arnason and Rand 1992 Broughton an Dowling 1994 Dunon-Bluteau and Brun 1987 Yoneyama 1987 Wallis 1987 Yang et al. 1994 Densmore, Wright, and Brown 1985 Moritz 1991 Avise and Zink 1988 Edwards and Wilson 1990 Wilkinson and Chapman 1991 Stewart and Baker 1994a , 19946 Mignotte et al. 1990 Biju-Duval et al. 1991 Karawya and Martin 1987 Hayasaka, Ishida, and Horai 1991 Amason and Johnsson 1992 Hoelzel, Hancock, and Dover 1993 Amason et al. 1993 Ghivizzani et al. 1993 Hoelzel et al. 1994 Nom.-The precise localization of tandem repeats at the two sites Rl and R2 is given only if indicated by the authors. a The sequencing of the mtDNA control region has not been totally completed. b The repeated sequences are located between CSBl and CSB2. c The repeated sequences are located between CSB2 and the Phe-tRNA gene. man 199 1; Arnason and Rand 1992) . Furthermore, experimental evidence for slippage replication being a dominant mechanism responsible for length variation in mammalian mtDNA has been reported by Madsen, Ghivizzani, and Hauswirth (1993) . The potential of tandem repeat arrays (both in Rl and R2 locations) to fold into stable secondary structures in several taxa has also been advocated to involve these structures in the insertion or deletion of repeated units during mtDNA replication (Buroker et al. 1990; Mignotte et al. 1990; Wilkinson and Chapman 1991; Arnason and Rand 1992; Ghivizzani et al. 1993; Hoelzel, Hancock, and Dover 1993; Broughton and Dowling 1994; Hoelzel et al. 1994; Stewart and Baker 1994a) . The analysis of nucleotide sequence polymorphism within the arrays has often revealed a pattern of concerted evolution (homogeneity among repeats within individuals, but heterogeneity between individuals or different species) (e.g., Solignac, Monnerot, and Mounolou 1986; Wilkinson and Chapman 199 1; Broughton and Dowling 1994; Rand 1994; Stewart and Baker 1994a, 1994b; Yang et al. 1994) .
How are mtDNA control region repeated sequences established and maintained within phylogenetically closely related mammalian species? In the present study we report the sequences of the complete mtDNA control region for two species of shrews (Crociduru russula and Sorex armzeus), showing that tandem repeats are present in both potential locations described above ( fig. 1 , table 1). Patterns of nucleotide polymorphisms within the arrays, differences in the level of heteroplasmy in the two species, and a comparative analysis of homologous repeated sequences located in the right domain (R2 in fig.  1 ) for 14 species of shrews suggest mechanisms for the evolution of tandem repeats in the absence of genetic recombination.
Materials and Methods

DNA Extraction, Polymerase Chain Reaction (PCR), and DNA Sequencing
Total genomic DNA was extracted from frozen or alcohol-preserved tissues by digestion with proteinase K for 34 h, purified twice with phenol/chloroform and once with chloroform, then desalted and concentrated by ethanol precipitation (Kocher et al. 1989 ). The primers used to amplify the complete control region were ( fig. 1 ) : L15926 and H651 (Kocher et al. 1989) ; L16517 (5' CATCTGGTTCTTACTTCAGG 3') and H16498 (5' CCTGAAGTAAGAACCAGATG 3') (both deduced from the alignment proposed by Southern, Southern, and Dizon 1988); HSC (5' TTGTITI'AGGGGTI'TGGCAAGA 3') and HCDOM (5' GATTAGTCATTAGTCCATCGA 3'); LC2 (5' CAGTCAATGGAATCAGGACATAA 3') Repeated Sequences in the mtDNA of Shrews 33 and HRAC (5' CTTGCTTATATGCATGAGGTC 3') for the Crocidurinae; LS2 (5' CGTTTAATGGTTACAGG-ACATAA 3') and LRAS (5' ACCCGATGTTCTAAA-CAACT 3') for the Soricinae and the Crocidosoricinae. The temperature profile for 25-35 cycles of amplification was 45 s at 93"C, 45 s at 52°C and 1 min at 72°C. After the first amplification, double-stranded reaction products were separated on a 2% low melting point agarose gel, the appropriate band was then excised and resuspended in 200 ~1 H,O. The double-stranded product was then used in a second PCR reaction with internal primers, to generate good double-stranded templates suitable for DNA sequencing.
After the elimination of excess nucleotides and primers using either an Ultrafree-MC 30,000 (Millipore) or Microcon 100 (Amicon) filters, 7 p,l of the product were sequenced directly according to Bachmann, Luke, and Hunsmann (1990), using the Sequenase 2.0 kit (AmershamZUSB) with either one of the primers used for the amplification or another internal primer. The entire control region was sequenced for four individuals of the greater white-toothed shrew (C. russula) and four individuals of the common shrew (S. araneus).
Electrophoresis of PCR Products
For Rl arrays the number of repeated units was first deduced by comparing the size of the PCR products, on a 2% agarose gel stained with ethidium bromide, with a standard molecular weight marker. The primers used in these amplifications were L15926 and HRAC for C. russula and LRAS and H16498 for S. aruneus. The level of heteroplasmy was also deduced from the previous amplification products, heteroplasmic individuals being characterized by multiple band patterns.
For R2 arrays, the primers used were LS2, LC2, and HSC, but as a "size marker" the amplification products of one individual of C. russula and two individuals of S. aruneus (whose R2 array had been sequenced) were also used. A total of 16 individuals of each species C. russula and S. araneus were analyzed.
Southern Blot Analysis
To verify estimates of heteroplasmy based on PCR amplifications, 5 p,g of purified genomic DNA from eight individuals of each species C. russula and S. araneus were digested with AZ&, a restriction enzyme that cuts outside each end of the tandem arrays. Digested DNA was electrophoresed through 1.5% agarose, Southern blotted (Southern 1975 ) onto a nylon membrane (Hybond-N, Amersham), and probed with an amplified species-specific repetitive region. The probe was labeled with digoxigenin by random priming, and hybridized to the membranes overnight at 60°C in 5X saline sodium citrate (SSC), 0.1% N-laurylsarkosin, 0.2% 1300
of the mtDNA control regions from Crociduru russulu (Cro) and Sorex aruneus (Sor). The orientation is from 5' to 3' on the light strand. Dots indicate nucleotide identity and dashes are proposed indels. The sequence is given for one individual of C. russulu and one individual of S. uruneus, both with only one direct Rl repeat and one R2 repeat (delimited by rl in the first species, and by L1 in the second). Because of the presence of an "imperfect" repeat in the 3' end of the Rl array (see text for further explanations), the exact start of the first perfect repeat is somewhat arbitrary. We have chosen as starting point the furthest 5' nucleotide which could be subsequently aligned with the adjacent repeats in the same tandem array. For R2 the starting point of the repeated motifs was chosen in order to correspond with the sodium dodecyl sulfate (SDS), 2% blocking reagent (Boehringer). Washing was performed in 1 X SSC, 0.1% SDS at the same temperature. DNA fragments that hybridized to the PCR probe were detected by chemiluminescence and visualized after 5-20 min of exposure to x-ray film.
Comparative Study of the R2 Homologous Repeats in Shrews
These first analyses allowed us to characterize the location and structure of repeats in the control region of shrews. We focused our further investigations on the R2 repeats. In order to assess the evolutionary dynamics of these tandemly repeated sequences, a comparative study was carried out. For this purpose, the repeats located between CSB 1 and CSB2 (R2) were sequenced for 12 additional species representing three shrew subfamilies (Maddalena and Bronner 1992) . The primers used and the amplification and sequencing procedures were the same as those described above.
DNA Sequence Analysis
DNA sequences
were analyzed using the DNA analysis programs of the University of Wisconsin Genetics Computer Group (UWGCG) (Devereux, Haeberli, and Smithies 1984) . Sequence alignment was determined using the PILEUP program, with gap weights and length weights set to the default values of 5.0 and 0.30, respectively. The alignment, including one direct repeat in Rl and one direct repeat in R2, was then used to construct a plot of sequence similarity using PLOTSIM-ILARITY with a 50-bp window. Potential secondary structures were determined by comparing the minimumenergy structures produced by the Zuker and Stiegler (198 1) method using the FOLD program from the UWGCG package and visualized using LOOPVIEWER (Gilbert 1990) .
Results
Nonrepetitive Regions
The length of complete control regions in the four C. russuh and four S. uruneus DNA samples sequenced ranges from 1,373 to 1,655 bp for C. russula and from 1,548 to 1,662 bp for S. araneus. Excluding the size variations due to the presence of tandemly repeated sequences, the remaining variation corresponds to indels mainly located close to the Pro-and Phe-tRNA genes. The control region sequences of one individual from Repeated Sequences in the mtDNA of Shrews 35 each species are aligned in fig. 2 . The conserved TAS and CSBs elements, found in a number of vertebrate species and apparently of principal importance in the regulation processes occurring in the control region, and the left, central, and right domains were determined in shrews by comparing their control region sequences with the consensus sequences given for other mammals (figs. 2 and 3) (Doda, Wright, and Clayton 198 1; Foran, Hixson, and Brown 1988; Southern, Southern, and Dizon 1988; Buroker et al. 1990; Saccone, Pesole, and Sbisa 1991; Wilkinson and Chapman 1991; Stewart and Baker 1994~) .
Repeated Sequences in the Left Domain (Rl)
All individuals of both species studied possess repeated sequences in the left domain. The length of the repeat is 78 bp in the eight C. russula and eight S. araneus DNA samples sequenced (figs. 2 and 3). Due to the length of the fragment being sequenced and to the position of the primers, which were used to sequence the array from either end, it was not possible to score reliably the sequence of the central repeats in the specimens possessing more than five tandem repeats. Therefore, the sequences of these repeated units were excluded from the analyses. Representative data of nucleotide polymorphism in Rl tandem arrays in both species are presented in tables 2 and 3. Sorex araneus shows a higher level of variation in repeat sequence than C. russuh, where all nucleotide positions but one (position 3 in individual 1 lB, table 3) are identical in each sequenced repeat of the array. In S. aruneus, there are some positions (5 and 41 in specimen 4360, table 2) where a nucleotide substitution has been swept through the entire array. On the other hand, some other nucleotide substitutions appear not to be completely homogenized across the entire array (for example, positions 5, 35, and 51 in specimen 4362, and 77 in specimens 4326 and 4363). Note that the rightmost repeated unit of the array in both species ("3' flanking" in tables 2 and 3) always differs from its neighbor 78-bp direct repeats by several mutational events.
PCR amplification with primers flanking the Rl arrays produces in both species a variable number of bands differing in size by approximately 80 bp, both within and between individuals.
According to the size standards and the location of the primers, the amplification products correspond to bands containing two to five repeats in C. russulu and five to six repeats in S. Furthermore, in two individuals of C. rus-s&a, size classes are not continuous, i.e., in units of one repeat, but some intermediate size classes (multiples of 78 bp) are absent, so that heteroplasmy involves size classes that are not neighboring. In S. araneus, only one individual appears to be heteroplasmic, showing two bands with a size interval of approximately 80 bp. These bands correspond to fragments with five and six copies of the 7%bp tandemly repeated sequence (fig. 4) . The remaining seven individuals analyzed appear to be homoplasmic for five (five individuals) and six (two individuals) repeats.
Repeated Sequences in the Right Domain (R2)
All sequenced individuals of both species possess repeated sequences between the conserved blocks CSB 1 and CSB2, in the right domain (figs. 2 and 3). The length of the repeated motif of C. russula is 12 bp (ACACACACGTGT), whereas in S. araneus the repeated motif is 14 bp long (ACACGTACGCCTAT).
No sequence variation among the different repeated motifs was found in the 8 individuals of both species sequenced. Due to the relatively small length of the R2 repeated sequences (12-14 bp) and to their wide range of heteroplasmy, PCR amplifications with primers LC2, Location of Substitutions within the 5' to 3' Consensus Sequence of the L-strand of the 7%bp Rl Repeat in Sorex araneus Position: 5  6  9  33  34  35  39  41  51  -61  63  74  75  76  77  78   Specimen  Repeat no. Consensus:  T  T  A  T  A  C  G  T  T  -G  A  T  A  A  A  T   4326 fig. 2 . "Repeat #" refers to the position in a 5' to 3' direction of the sequenced repeats in a complete array of five or six repeats (when the array is composed of six units, i.e., in specimens 4327 and 4360, the 3rd repeat has not been included in the analyses; see text). Dots indicate the same nucleotide as a consensus. A dash in the consensus is due to the fact that in the alignment the "3' flanking" repeat is inferred to have an insertion between positions 59 and 60 of the consensus. The Rl array has been sequenced in eight individuals. Concerning the remaining three specimens which are not illustrated in the table: two individuals are identical to specimen 4326, except that the array is composed of six repeats; one individual is identical to specimen 4326, except that the "3' flanking" repeat has a transition T-C in position 6 and a transversion A-C in position 34 of the consensus. LS2, and HSC, and Southern blots analyses show an apparent continuum of size variants within several individuals of both species. For these reasons, they were generally not used to quantify the number of repeats in the R2 arrays. Southern blot analysis demonstrated heteroplasmy in both species (100% and 40% heteroplasmic individuals in C. russula and S. araneus, respectively). Interindividual size variation ranges over approximately 350 bp in C. russula and over 100 bp in S. araneus (examples in fig. 4 ). Note that R2 repeats occur in a region of high sequence divergence between species (fig. 3) .
The R2 repeats of both species are directly flanked on their 3' side by several shorter repeated motifs: ACGC, repeated 2 times in 8 assayed individuals of C. russula; ACACGC, repeated 2-4 times, and a 2-bp motif (AC), repeated between 4 and 10 times in 12 specimens of S. araneus analyzed (table 4). All the sequencing gels were clearly legible upstream and down-stream from these short repeats and indicated that the 20 individuals assayed were not heteroplasmic in this region.
The additional 12 species used for the comparative analysis also show tandemly repeated sequences in R2. The length of the repeated motifs varies from 6 to 24 bp. The sequences exhibit partial or complete similarity among the different taxa (table 5) . No intraspecific sequence variation in the repeated motifs has been found, except in Crocidura suaveolens and Crocidura leucodon, where a substitution is present in several motifs dispersed near the 3' end of the array. If A corresponds to the repeated motif found in the 5' end of the array, and B represents the variant found near the 3' end of the array, the succession of A and B motifs observed at the 3' end of the array is 5'
3' for one individual of each of C. suaveolens and C. leucodon, respectively. The 12 additional species studied also show short repeated mo-rose gels. Thus, in our case Southern blot analysis with a species-specific probe appears to be a more reliable technique for the detection of length variants in heteroplasmic individuals.
Nevertheless, PCR seems to confirm the results obtained by Southern blot in species which are heteroplasmic for only a few size variants. This is suggested by similar results provided by the two different methods in S. aruneus (one individual heteroplasmic for two length variants) and in the evening bat Nycticeius humerulis (28% of individuals heteroplasmic for two or three length variants; Wilkinson and Chapman 1991) . Concerning the differences in band intensities observed in some of the PCR products ( fig. 4) , we can suggest that, in addition to actual differences in the proportion of the various size classes before the amplification reactions, PCR might produce selective amplification of particular repeat sizes. In this regard, it has been demonstrated that different reaction parameters for Table 5 Repeated Sequences in the mtDNA of Shrews 39 the PCR can give different relative frequencies of the size bands (Arnason and Rand 1992) . For the bands of an intermediate size in the PCR products ( fig. 4) , which do not seem to represent multiples of the 78-bp repeat, several hypotheses can be suggested. These intermediate bands can be interpreted as heteroduplex molecules with one or more repeats unpaired, whose migration results in intermediate size classes. Alternative explanations would be the presence of single-strand DNA produced by the PCR reaction or differential migration of variants of secondary structures in nondenaturing gels. The general organization of the mtDNA control region of shrews is very similar to that of species belonging to other mammalian orders: a central conserved domain, surrounded by two more variable regions which contain the conserved elements thought to play a major role in the regulation of the replication processes of mtDNA (TAS in the left domain and CSBs in the right domain). However, the simultaneous presence of arrays of tandem repeats in both potential locations where repeats tend to occur has never been observed in other mammalian species. Although the origin of H-strand replication (0,) cannot be placed with confidence in the Crocidura and Sorex sequences, by homology with mtDNA control regions of other vertebrates it seem likely to be located just downstream from CSBl (Saccone, Pesole, and Sbisa 1991; Clayton 1982 Clayton , 1991 (fig. 1) .
The general structure of Rl repeats in C. russula and S. uruneus is similar to that already described in some other vertebrate species such as the cod (Johansen, Guddal, and Johansen 1990; Arnason and Rand 1992) , the white sturgeon (Buroker et al. 1990 ), the evening bat (Wilkinson and Chapman 1991) and eight nearctic shrews of the genus Sorex (Stewart and Baker 1994a, 1994b) . In all these cases, the motif length varies from 40 to 82 bp long and is repeated between one and eight times, with a level of heteroplasmy ranging from 28% to 100% (5% in Stewart and Baker [1994a] , but the sample examined was small). With the exception of the cod, all previous species also possess a single "imperfect" copy of the tandem repeats at the 3' end of each array (see tables 2 and 3).
The R2 repeats in the right domain, described only in mammals, are localized either just upstream from the recognition site for the end of the H-strand replication, between CSBl and CSB2, or between CSB2 and the Phe-tRNA gene. The latter, characterized by long motifs (108-260 bp) with very few repeats (l-4), are thought to be significantly different from the former (between CSBl and CSB2) and will not be further discussed (see Karawya and Martin 1987; Mignotte et al. 1990; Biju-Duval et al. 199 1; Hayasaka, Ishida, and Horai 199 1; Broughton and Dowling 1994) . The R2 repeats located between CSBl and CSB2 seem to be more frequent. They have been found in all 14 of the shrew species studied and in several other mammals such as 4 species of seal (Arnason and Johnsson 1992; Arnason et al. 1993; Hoelzel, Hancock, and Dover 1993) , 18 carnivore species (Hoelzel et al. 1994) , the pig , and 3 species belonging to the lagomorphs (Mignotte et al. 1990; Biju-Duval et al. 1991) . The R2 array between CSBl and CSB2 exhibits a very high level of heteroplasmy in all mammalian species studied so far. Unlike the Rl array, these R2 motifs are relatively short, ranging from 6 to 38 bp (table 1) . However, the heterogeneity among the different species makes it difficult to propose a general pattern of variation. Within the array, the repeated motif can be perfectly reiterated (pig, lagomorphs, shrews of the genus Sorex and Neomys), reiterated with minor imperfections (e.g., two species of the genus Crocidura), or it may present a high level of variation (seals and other carnivores).
Models forwarded to explain the origin and evolution of these mitochondrial arrays in animals have also included intra-and intermolecular recombination and transposition (Rand and Harrison 1989) , unequal crossing-over, and gene conversion (Hoelzel, Hancock, and Dover 1993) . However, although recombination is thought to be a dominant mechanism by which nuclear genomes undergo major reorganizations, no direct evidence of these phenomena have yet been reported for animal mtDNA (Hayashi, Tagashira, and Yoshida 1985; Moritz, Dowling, and Brown 1987; Birky 199 1) . The dominant mechanism which is suggested as being involved in the length variation of nonrecombining mt-DNA is replication slippage. For example, Buroker et al. (1990) proposed a model for the Rl arrays in which the length mutations might originate through replication slippage due to a competitive displacement between the Repeated Sequences in the mtDNA of Shrews 41 H-strand and the D-loop strand, in relation to stable stem-loop structures formed by the repeated motifs. However, this model cannot be generalized for every known case (Amason and Rand 1992; Stewart and Baker 1994a) , in particular for arrays located upstream from OH (R2 arrays). Additional slippage-like mechanisms should thus be advanced to account for the observed pattern of variation. Wilkinson and Chapman (199 1) noted that duplication of motifs should only occur in one direction, because of the unidirectional replication of the H-strand in this region. According to this hypothesis, the repeats on the 5' end of the Rl and R2 arrays should be duplicated or deleted, while the repeat(s) at the 3' end is never duplicated and protected from undergoing a deletion event. The pattern of variation observed within and between the C. russulu and S. aruneus species suggests that unidirectional DNA slippage is a dominant mechanism involved in the evolution of the Rl and R2 array. Both studied species and several other taxa possess one single divergent repeat at the 3' end of the Rl array (tables 2 and 3), suggesting that this repeated unit is never duplicated. The pattern of nucleotide variation observed in the Rl arrays of S. aruneus (table 2) is also a clear pattern of intraspecific concerted evolution (the propensity for the units of an array to become homogenized by reiterated cycles of addition and deletion of repeats; see e.g., Solignac, Monnerot, and Mounolou 1986; Broughton and Dowling 1994; Rand 1994) , which may have occurred by unidirectional replication slippage. This pattern of concerted evolution results in an intermediate stage in the homogenization process, and its observation requires a balance between two opposing evolutionary forces: point mutations and insertion/deletion mutations (concerted evolution "in the act"; Rand 1994) . Although some nucleotide substitutions have been homogenized across the entire tandem array (positions 5 and 41 in specimen 4360), the homogenization of some other nucleotides through the array appears not to be complete. With few exceptions (position 77 in specimen 4327, position 9 in specimen 4363), the polymorphisms always concern contiguous repeats, suggesting that new substitutions are being swept through the array by the expansion and contraction of the region due to insertion and deletion of repeated units. Owing to the polymorphisms in the array having the previously described pattern of distribution, and owing to the 3' flanking repeat being present only once and never duplicated, the pattern of nucleotide variation in the Rl array of S. aruneus is inferred to be caused by unidirectional replication slippage, presumably in a 3' to 5' direction. The difference in the level of variation in repeat sequences between the two studied species may be due to a different balance between the point mutation rate (generating diversity among repeats) and the rate of insertion/deletion of repeats (implicated in the homogenization of the array). The near absence of sequence variation in the repeated elements of C. russula (table 3) is probably the consequence of a substantially higher rate of insertion/deletion of repeated units than point mutations, and this could have masked the intermediate stages of the homogenization process by concerted evolution. A higher rate of insertion/deletion in the individuals of C. russula analyzed is also suggested by the difference in the level and range of heteroplasmy between the two species. The higher frequency of heteroplasmy and wider range of size classes in C. russula thus reflect a higher rate of gain and loss of repeated units by slippage mechanisms.
Concerning the R2 repeats, the homogeneity in the sequence composition of the units within the array in both species and a relatively high level of heteroplasmy reflect a high rate of insertion/deletion of repeats in each of the species C. russula and S. araneus. If we consider the repeated motifs of the 12 additional studied species, in C. suaveolens and C. Zeucodon a substitution is present in several motifs located near the 3' end of the R2 array. The same pattern of variation has also been found in the northern and southern elephant seals (Hoelzel, Hancock, and Dover 1993) , in the rabbit (Mignotte et al. 1990) , and in several carnivore species (Hoelzel et al. 1994) , where the 3' end of the array shows a higher level of divergence than the 5' end. These asymmetries in the distribution of variants within the repeated sequences could be related to asymmetry in the replication processes of the mtDNA molecule (Clayton 1982 (Clayton , 1991 . The processes of expansion/contraction of the repeated sequences should be asymmetric as well, dictated by the replication of the H-strand and mainly concerning the 5' end of the array, where tandem repeats would be generated or deleted by slippage-mispairing events. Consequently, mutations occurring in the 3' part of the array would have less probability of being deleted after repeated cycles of expansion/contraction. This could explain the higher level of variability observed in this side of the array. Furthermore, the 3' end of the R2 array in shrews is always flanked by several di-, tetra-, or hexanucleotide repeats ( fig. 4 ). One of the features of the model proposed by Levinson and Gutman (1987) on the evolution of repeated sequences is that repeated motifs which differ by size are often contiguous, and that this pattern may be due to multiple slippage and mutational events, creating new and longer motifs from tandemly arranged shorter ones. The close association between short repeats (microsatellites) flanking longer repeated sequences (minisatellites) has also been described in the nuclear genome of different organisms (review in Wright 1994), supporting the idea that these short re-peated sequences may be the "progenitors" of longer tandem repeats.
Considering the features described above and the repeated unit sequences obtained in shrews (table 5) , it is possible to make some hypotheses concerning the evolutionary mechanisms leading to the observed changes. The origin of a new repeated motif could be related to a deletion of the entire ancestral R2 array, followed by an expansion of the new motif generated by slippage-mispairing events from the 3'-flanking polydinucleotide, or from the remaining tetra-or hexanucleotide repeats. However, the deletion does not need to be complete and a new motif could originate from a simple three-step process. The first step would be the occurrence of mutational change(s) in the last 3' repeat(s). The second involves the contraction of the array to the few repeats containing the mutated nucleotides. The third is the subsequent expansion of the derived repeat. For instance, the differences between the repeated motifs of C. russula, C. suaveolens, and C. Zeucodon could be explained by the contraction of the ancestral array to a single repeat containing some substitutions with regard to the deleted motifs and then by the expansion of this new motif via a slippage-mispairing of the same length. Levinson and Gutman (1987) suggested that a combination of mutational changes and slippedstrand mispairings of contiguous or noncontiguous repeats can create new repeat units from existing ones. Thus, if the initial slippage has a different length from the one which generated the ancestral repeat, the length of the new repeat will be different. The repeated motif of C. malayana (24 bp long) can be divided into two slightly different subunits of 12 bp (differing from each other by only two transitions), suggesting that the observed array originated after base-substitution events from a slippage involving two repeats and that the newgenerated longer motif (24 bp) became fixed in the array after reiterated cycles of gain and loss of repeats. The pattern of point mutation distribution observed within an array in C. suaveolens and C. Zeucodon (see Results section) also suggests that the length of a slippage-mispairing involved in the expansion or contraction may correspond to two or more repeats taken together. In the genus Sorex, we could assume that the ancestral state was the motif shared by S. alpinus and S. minutus, i.e., ACGCAT, and that the derived motif of S. araneus, S. granarius, S. coronatus, and S. samniticus (ACACGT-ACGCCTAT) was generated after deletion of the entire ancestral array, followed by the extension of a derived array generated from the poly-AC repeat via an ACACGC intermediate motif, both still present in the 3'-flanking sequence (table 4) . The modification of an ancestral motif to a derived one may therefore be the result of a complex process, involving multiple steps of expansion/contraction and numerous mutational events. A common feature of the Rl and R2 arrays is also the capability of forming thermodynamically stable secondary structures (fig. 5 ). The unidirectional nature of mtDNA replication results in the displacement of the parental H-strand as the D-loop strand is being synthesized (Clayton 1982 (Clayton , 1991 . The single-stranded nature of nontemplate H-strand during a considerable length of time may allow folding of repeats into self-complementary secondary structures, enhancing the probability of slippage and mispairing during replication.
Given the temporal instability of an array of repeated sequences, it is generally difficult to analyze its evolutionary dynamics from a phylogenetic point of view. For instance, Stewart and Baker (1994a, 1994b) analyzed RI repeats in several closely related shrew species, and assessed their potential value for phylogenetic reconstructions.
The repeated units appeared not to be informative by themselves for phylogenetic analysis. The repeated sequences of the R2 arrays in the 14 species of shrew analyzed show little correspondance between the variation of the repeated motifs and the published phylogenetic relationships (e.g., Catzeflis et al. 1982; Maddalena 1990; Ruedi et al. 1993) . The species specificity of the arrays within genus Crociduru may suggest that separate lineages accumulated substitutions independently, and that the repeated elements evolved faster among Crocidurinae than among Soricinae shrews, where a more homogenous pattern is observed (table 5). Within the Soricinae subfamily, the grouping of S. minutuslS. alpinus and of S. araneuslS. granariusl S. coronatuslS. samniticus seems to agree with the phylogenetic relationships inferred by the sequencing of the mitochondrial cyt b gene (Taberlet, Fumagalli, and Hausser 1994) . However, the observed pattern of variation might also be more a product of differential functional constraints on repeats (i.e., selection) than a representation of historical relationships.
The overall rate of mtDNA synthesis is one of the slowest in vivo DNA-replication rates reported, and it has been suggested that much of the time in mtDNA synthesis is consumed in pauses (Kornberg 1980) . The presence in such a wide range of vertebrate classes of both Rl and R2 arrays in regions which correspond to the interruption of the polymerase activity during the Hstrand synthesis (either at the end of the three-stranded D-loop structure for Rl repeats, or near the end of replication for R2 repeats) supports the hypothesis that the origin of tandemly repeated sequences could be associated with pauses in the replication process, which induce slippage-mispairing events and permit repetitive sequences, so susceptible to slippage, to be reiterated many times. Following this hypothesis, tandemly re-Repeated Sequences in the mtDNA of Shrews 43 peated sequences in the mtDNA control region are more likely to be generated in regions where the polymerase activity is disrupted and may therefore be considered as a by-product of the replication process. This hypothesis is supported by the fact that, at least for the Rl array, the regulation of mtDNA replication seems to work equally well with or without repeats, even within the same species (for example, the number of repeat units varies from one to four in Acipenser transmontanus; Buroker et al. 1990 ). As the number of Rl repeats observed is never higher than nine, selection seems to act only when the D-loop structure is too long, suggesting that above a certain number of repeats the processes leading to the initiation of replication may be affected.
The mtDNA of mammals thus provides an attractive model which helps elucidate the mechanisms involved in the origin and evolution of tandemly repeated sequences, in the absence of recombination and in a situation where the replication processes are well known. Are these mechanisms also involved in the evolution of nuclear tandemly repeated sequences? The models of evolution of such sequences proposed to date involve the expansion and contraction of the number of repeated units in relation to meiotic recombination mechanisms (Gray and Jeffreys 199 1; Harding, Boyce, and Clegg 1992; Harding et al. 1993 ), or to DNA slippage during replication (Jeffreys, Neumann, and Wilson 1990; Weber 1990; Saha et al. 1993) . The results concerning the microsatellite MS32 seem to indicate that nuclear repeated sequences can evolve without recombination (Jeffreys, Neumann, and Wilson 1990) . In the same way, it has been demonstrated that tandem repeats located on the nonrecombining Y chromosome show the same variation as their autosomal counterparts (Roewer et al. 1992 ). Furthermore, the analysis of three human minisatellites (Jeffreys et al. 1994) shows that increasing variability tends to occur at one end of the array, suggesting that unidirectional replication might also play a major role (Richards and Sutherland 1994) .
Therefore, slippage-mispairing events during replication could also be the mechanism involved in origin and evolution of nuclear repeats. According to this hypothesis, the differences in the allelic variation (both for mini-and microsatellites) might be correlated to the occurrence probability of an interruption in the replication processes.
Sequence Availability
The nucleotide sequence data reported in this paper will appear in the EMBL, GenBank, and DDBJ Nucleotide Sequence Databases under the accession numbers 44 Fumagalli et al.
X78793-X78795
and X90952 for Crocidura russula and X78796-X78798 and X90951 for Sorex araneus.
